Background: Understanding movement patterns of free-ranging top predators throughout heterogeneous habitat is important for gaining insight into trophic interactions. We tracked the movements of five adult American alligators to delineate their estuarine habitat use and determine drivers of their activity patterns in a seasonallyfluctuating environment. We also compared VHF-and satellite-tracks of one of the alligators to examine tradeoffs in data quality and quantity. Results: All tracked alligators showed high site fidelity in the estuary, but estimated home range size and core-use areas were highly variable. Two alligators were relatively sedentary and remained in the upper stream zone. One alligator traveled to a transition zone between freshwater marsh and estuary habitat, but primarily remained in the upstream area. Two alligators traveled to the downstream zone into saline conditions and showed high salinity tolerance. Overall movement rates were highly influenced by salinity, temperature, and season. Both satellite and VHF radio telemetries resulted in similar home range, core-use area, and activity centers. Conclusions: This study reveals consistent use of estuary habitat by American alligators. The alligators showed variations in their movement pattern and seasonal habitat, with movement attributable to environmental factors. Although satellite-derived locations were more dispersed compared to locations collected using VHF radio-tags, data collected from VHF tracking omitted some habitat used for a short period of time, indicating the effectiveness of satellite telemetry to continuously track animals for ecosystem-scale studies.
Background
Animal movements are often determined by resource need and evolutionary history, and such movements can, in turn, affect the environment as well as other organisms [1] . Data on movement patterns is critical for understanding ecological processes and informing conservation, particularly for focal species that play crucial roles in shaping ecosystem function [2] [3] [4] . Finding linkages between individual movements and the spatially and temporally heterogeneous environment can help determine drivers of animal movement [5] . However, conducting well-designed experiments to test hypotheses about the drivers of animal movements is challenging, especially for large mobile animals in remote areas.
A range of telemetry techniques make it possible to remotely observe free-ranging animals of various taxa, allowing researchers to address fundamental questions related to spatial ecology and animal behavior [3] . The selection of a particular technique depends on study species and research questions. Movements of crocodilian species, large-sized mobile aquatic predators frequently inhabiting remote areas, have been investigated with VHF radio telemetry and in-water acoustic receivers [6, 7] . These telemetry techniques have revealed the ability of true navigation and adaptation of individual movement tactics [6, 7] of American alligators (Alligator mississippiensis). In another study of American alligator home ranges in marsh habitat, researchers used radio transmitters to conduct intensive daily and weekly tracking [8] . However, such tracking is logistically challenging for monitoring movements of highly mobile species for more extended periods in remote areas.
Satellite telemetry has been recommended as a better tool to gather location data on crocodilians over extended spatial and temporal scales [9] . Recently GPS -another contender in remote telemetry techniques -was used with acoustic telemetry to track two alligators in the Everglades estuary [10] and with these tools, researchers deciphered different movement patterns between the tracked animals. Whereas GPS telemetry is a viable alternative for remotely monitoring animal movements, the lower cost and increased battery longevity is an advantage of satellite telemetry. The effectiveness of satellite telemetry to track crocodilian movements was shown for Crocodylus porosus in an estuary habitat in Cape York Peninsula, Australia [11] . However, the tracked crocodiles exhibited large scale movements around the coastline. Therefore, the effectiveness of satellite telemetry to track species movements over a smaller ecosystem-scale remained uncertain.
The American alligator is a highly mobile apex predator that resides in some remote and hard-to-access estuarine habitats. Although they primarily inhabit fresh or lowsalinity water throughout the southeastern USA, they are also known to forage in higher salinity water as long as they have periodic access to freshwater [12] [13] [14] . Alligators consume various organisms such as fish, birds, and other aquatic fauna [15] , and they play a role as top-predator, keystone species, and ecosystem engineer. Due to their ecological importance, alligators have been used as an indicator of ecosystem restoration in south Florida [16] . Because alligators have dominant top-down effects, understanding their movement behavior is especially important for interpreting the trophic interactions in a system [10] .
Historically in the Everglades, Florida, American alligators were most abundant in freshwater sloughs and oligohaline (brackish water) mangrove areas [17] . However, due to the loss of wetlands and altered hydrology in the area, the spatial pattern of their habitat use has changed [14] . Alligators now primarily inhabit central sloughs and canals [18] from upstream marshes to the mouth of Shark River estuary [7, 14, 18] . Within this habitat matrix, alligators develop individual movement tactics that result in nutrient exchanges between marine, estuarine, and freshwater zones [7, 10] .
Distinct dry and wet seasons cause seasonal dry-downs of interior marsh habitat in south Florida. As an aquatic reptile, alligators need to obtain access to freshwater sources and this seasonal fluctuation of surrounding resources likely affects their movements. Therefore, we used satellite telemetry to study individual home ranges and evaluate the relative importance of spatial and temporal factors in alligator movement patterns. To further examine the utility of satellite telemetry, we also compared results for one alligator using satellite-and VHF radiotelemetry datasets.
Results

Alligator locations and salinity data
We placed satellite tags on one female (F1) and four male (M1 to M4) adult alligators, ranging from 221 to 250 cm total length, caught in the Shark River estuary ( Figure 1 and Table 1 ). We tracked the alligators from March 2009 to April 2012; the mean tracking duration was 278.6 days (SD: 108.7 days), and ranged from 163 to 399 days. The mean number of high-quality class 3 satellite locations (LC3) used for analysis was 149.6 (SD: 151.8, range: 19-341; Table 2 ).
We captured the female (F1) and two of three males (M1 and M2) in the less saline upstream zone, and they remained there throughout their tracking durations ( Figure 1) . We captured the two other males (M3 and M4) in the mid-estuary and downstream zones, respectively, and they ranged across wider areas comprising high salinity zones near the Gulf. All alligators remained in the estuary throughout their tracking periods except for M1 whose home range included both estuary and marsh habitat in a transition zone about 9 km upstream from the original capture location; this marsh was generally dominated by sawgrass (Cladium jamaicense).
Salinity was highly varied spatially and temporally in the study area. According to the four water gages, the salinity gradient followed the freshwater flow from the upper Shark River downstream from low to high, ranging from less than 1 ppt to 38 ppt (Figure 2 Home range, movement, and environmental variables All alligators displayed site-fidelity to their home ranges. A random walk site-fidelity test showed that the observed movements of all five alligators were more constrained than random movement paths within Everglades National Park (ENP). The proportion of the random movement paths with higher mean square distance values than the observed path was greater than 0.988 for all alligators.
Two alligators, M3 and M4, had a comparably large number of daily locations over multiple seasons: seasons 1, 2, 3, and 4 for M3 and seasons 1, 2, and 4 for M4. A Kruskal-Wallis test indicated a significant difference (P <0.001) in latitude and longitude by season for both alligators. The Boferroni multiple comparisons test showed that both latitude and longitude were significantly different (P <0.05) for all pair-wise comparisons except seasons 3 and 4 for M3 and seasons 1 and 2 for M4. These seasons were combined in calculating kernel density estimates (KDE). Home range and core-use area contours from the KDEs were successfully created for all alligators (Figure 3 ). The bandwidth that minimized least square cross validation (LSCV) ranged from 123.0 to 489.3 m (mean 261.0 ± 120.4 SD) ( Table 2 ). The size of the core-use areas (that is, 50% KDE) for the five alligators ranged from 0.5 to 8.8 km 2 (mean 2.9 ± 3.0 SD) and the home ranges (that is, 95% KDE) were 2.7 to 33.1 km 2 (mean: 13.1 ± 11.9 SD; Table 2 ). Durations of tracking period did not correlate significantly with coreuse areas (r = -0.55, P = 0.153) and home ranges (r = -0.61, P = 0.107). All home ranges were concentrated in riverine habitat ( Figure 3 ).
On average, alligators moved from 0.7 to 3.2 km per day (mean 1.5 ± 1.2 SD) and the daily movement was significantly different between animals (K = 12.8, P = 0.012). The null model of daily movement resulted in considerably higher corrected Akaike Information Criterion (AICc) compared to all other parameterized models ( Table 3 ). The top model with the smallest AICc was one of the most parameterized models that included salinity, season, maximum temperature (T max ), and an interaction term of T max and season. The AICc weight of this model (>0.99) implies that there is a great probability that this is the true model among all competing models. Type III test of fixed effects indicated that salinity (F 1, 210 = 5.42, P = 0.021), season (F 3, 210 = 2.72, P = 0.046), and the interaction of season and T max (F 3, 210 = 2.85, P = 0.038) significantly affected daily movement for the alligators. Daily movement was higher when daily salinity was higher (B salinity = 51.8 ± 22.2 SE).
Comparing satellite and VHF radio telemetries
Both the VHF and satellite tags on alligator M1 transmitted long enough for a comparison of effectiveness. The satellite tag stopped transmitting on 28 August, 154 days after the release. The VHF continued to transmit a signal as of 9 October 2009 (196 days after release). In total, 22 biweekly flights were performed to track the alligator with the VHF signal, resulting in 22 locations. During the same period, 226 satellite locations were recorded from 92 unique days.
Using only data with LC3, 39 satellite-tracked locations from 35 unique days were available for analysis.
All satellite-and VHF-tracked locations were along the upper estuary zone, however, it appeared that VHF surveys missed the habitat used in a further upstream area where M1 traveled during a 2-week VHF survey interval (Figure 4) . High-quality satellite-tracked locations tended to be spatially more sparse than VHF-derived locations; standard deviations in both easting and northing UTMs of satellite-derived locations were much larger (818.0 m for easting and 513.8 m for northing) than those derived from VHF surveys (136.9 m for easting and 225.4 m for northing). This is, in part, because satellite telemetry detected the secondary habitat that M1 used for a short-period.
Using a 200 m bandwidth, approximately the bandwidth that minimized LSCV with satellite data (Table 2) , satellitetracked locations resulted in larger KDEs (2.58 km 2 for Table 2 Summary of satellite data and movement parameters, kernel size (h lscv ; estimated using fixed kernel least square cross validation (LSCV)), and areas of 50% and 95% kernel contours, derived using LC3 data ). Both the VHF-derived and satellite-derived core-use areas were in similar locations and the satellite-derived core-use areas contained the vast majority (97%) of the VHF-derived core-use area. Centroids of the 50% KDEs from both tracking methods were about 150 m apart (Figure 4 ).
Discussion
Our study depicts variation in the home range and movement patterns of satellite-tracked alligators. Although the results may be partially attributed to differences in tracking duration and the number of satellite-derived locations [19, 20] , the presence of variation between individuals and by season are clear. In a previous study in the same location, researchers used stationary in-water acoustic receivers and theorized that a large portion of tagged alligators likely left the monitored area for marsh habitat [7] . All of our alligators exhibited quantifiably high site Figure 3 Satellite locations (dark points), estimated core-use areas (50% kernel density contour; darker tone), and home ranges (95% kernel density contour; lighter tone) of one female (F1) and four male (M1, M2, M3, and M4) American alligators (Alligator mississippiensis) tracked using satellite telemetry in the Shark River estuary, Everglades National Park. Kernel density estimates (KDE) were calculated with all location data for F1, M1, and M2, and by season for M3 and M4, where season 1 is from January to March, season 2 is from April to June, season 3 is from July to September, and season 4 is from October to December. Null model is the intercept model. All models included random effect of alligators. The symbol Â denotes interaction effect.
fidelity to the riverine areas, indicating that our tagged alligators were resident in the estuary during the monitored periods. However, one alligator (M1) traveled further north to a transition zone between river and freshwater marsh for a short period, which is not inconsistent with the previous study [7] . Within the estuary, alligators showed highly variable habitat use patterns. Satellite-tracked alligators either remained in the mid-to upper-estuary brackish water (F1, M1, and M2) or traveled intermittently to the downstream zone adjacent to the Gulf (M3 and M4). Whereas our alligators may not have left the monitored area as presumed in the previous study, the movements we discovered are consistent with the findings of that study, as they demonstrated that alligators adapt their movement tactics in a heterogeneous estuarine habitat [7] . Overall, the daily movements we estimated were much higher than previous rates from marsh and canal habitats in south Florida [8] but were comparable with the range of individuals estimated by acoustic telemetry in the same study area [10] . Previous studies have shown that alligator movements vary by ecological system and individual traits. Several of these studies showed alligators have a relatively sedentary nature [8, 21] , whereas others showed their capability of long-distance travel [22, 23] . Our results, combined with those in previous studies, suggests that alligator movement and home range behavior are influenced by habitat as well as individual specialization in foraging tactics and prey preference [7, 10] .
Whereas this study is based on a small number of tagged alligators, the results indicate that their movement rate is attributed to a number of environmental factors. Salinity is one factor in the environment that could influence alligator movements. Adult alligators can tolerate high salinity water as long as they have periodic access to freshwater [24, 25] . The salinity measured near the mouth of the estuary (station SR; Figure 1 ), where two male alligators (M3 and M4) traveled, became as high as 30.7 ppt (mean 25.0 ± 2.6 SD). Previous researchers have described daily, relatively short distance excursions into sea water by alligators, presumably to feed [24, 25] . What recent studies [7, 26] discovered, and we confirmed, is that alligators make longer distance movements to marine conditions for longer periods of time, also presumably to feed. Large alligators have some tolerance to saline conditions as long as through diet, rainwater, or movement they do not become dehydrated [27] ; feeding on vertebrate prey would ease the osmotic burden of a sea-going alligator. In our study, it did appear that adult alligator movement was influenced by the salinity of estuarine water, as daily movement rates increased when salinity increased.
Our result is consistent with previous studies of alligator home range and movements in which seasonal variation was found [28] ; in spring, both males and females showed increased movement rates in a north central Florida lake. Male alligators in a coastal marsh in Louisiana are known to extend range size and movement rate during the spring breeding season [22] . During summer, alligators tend to reduce activity range [28] , likely due to increased metabolic costs under increased ambient temperature [29] . Likewise, we found alligator movements were influenced by season, temperature, and the interaction of these two factors.
Satellite telemetry was an effective tool that enabled us to decipher the movements of alligators at our study site. In general satellite telemetry can be useful for understanding ecosystem-scale habitat use and movement patterns of wildlife. It has been prevalent in studies on large scale movements of free-ranging animals, such as migratory birds [30] and large marine vertebrates such as whales [31] , seals [32] , and sea turtles [33, 34] . These species frequently travel long distances across different climatic zones or even make continental movements (for example, [35] ) in which potential location errors are comparably minor. Although in some cases alligators exhibited long distance travel with dispersal into different systems [36] , their movement scale is typically smaller. To account for the smaller scale and minimize location errors in our dataset, we used only the highest quality location data (LC3).
From this high-quality satellite data, we delineated relatively small-sized core-use areas and home ranges of Figure 4 Observed locations (black dots) and estimated kernel density contours of a male alligator (M1) using satellite (A) and VHF radio telemetries (B). Darker and lighter tone polygons are 50% and 95% kernel contours, respectively. Stars represent the centroid of the 50% kernel contours.
alligators in the Everglades estuary. Although direct comparison is not relevant due to differences in both field and analytical approaches (LC 3 locations of satellite telemetry can be off by 250 m), it appeared that the estimated coreuse area (0.54-1.35 km 2 ) of the three alligators that remained in small ranges (F1, M1, and M2) was comparable to the core-use areas of marsh (0.3 km 2 ) and canal (0.43 km 2 ) alligators previously estimated using radio telemetry [8] . In contrast, the other two males (M3 and M4) exhibited much larger seasonal core-use areas (0.47-8.84 km 2 ) than the radio telemetry-tracked alligators. Due to logistical reasons, comparison between satellite and VHF telemetries was based on a single animal for a limited term. However, this comparison elucidated several issues that need to be considered when selecting a tracking technique. The highest-quality satellite-derived locations were more dispersed than VHF locations which resulted in a larger home range and core-use area estimate for the satellite data. However, both telemetry methods pinpointed the same general home range, core-use area, and location and number of activity centers for alligator M1. Continuous observation with satellite telemetry also enabled us to detect the use of a secondary habitat where the alligator traveled for a short time during 2 weeks with no VHF flight. Although reduced location accuracy is a drawback of satellite telemetry, its clear advantage, in addition to cost effectiveness and less labor intensity, is that it allows finer temporal observations of tracked animals compared to VHF telemetry. These finer temporal observations of satellite telemetry are also an advantage over acoustic telemetry at fixed locations. Currently, various telemetry methods are available to track free-ranging animals, but selection of a method is frequently limited by logistics. For example, GPS telemetry offers improved location accuracy with 24 hours of global coverage [37] , but its high cost could lead to a necessary reduction in sample size for a given study [7] .
Conclusions
Using satellite telemetry, we delineated alligator home ranges and core-use areas and quantified high site fidelity within the estuary habitat in our study site. We also found inter-estuary movements to areas of high salinity by some alligators, suggesting individual variation in habitat use. Even though American alligators occupy estuarine habitat as only a small portion of their entire range, consistent use of such habitat by satellite-tracked alligators highlights its importance for this top predator and ecosystem engineer. Our study area is influenced by water management practices in the upstream zone and water flows have been dramatically modified in the past for development [38] . Understanding habitatinfluenced movements as well as individual variation in movements and home range behaviors of alligators provides insight for system-wide planning, management and conservation.
Methods
Study area
The study was conducted in the Shark River estuary within ENP, Florida (Figure 1 ). Shark River slough is a major flow way in ENP. The upper slough is a freshwater wetland built upon a natural depression containing peat soils. The lower slough is a mangrove estuary. In the estuary, mangrove forests dominate primary production. Salinity gradients are influenced by rainfall, tide, and freshwater flow into Shark River that is in part determined by water management activities [39] .
Data
We captured alligators in the Shark River estuary between March 2009 and March 2012 using wire-nooses as described previously [40] . We measured each animal for total length (TL), snout-vent length (SVL), and weight. We also determined sex and noted any abnormalities or deformities. We tagged alligators using unique Florida Fish and Wildlife Conservation Commission web tags, and affixed both a SPOT5 satellite tag (Wildlife Computers, 2 × AA stacked, 71.5 × 34.0 × 24.4 mm) and a VHF radio tag (Holohil models SI-2, 11 g) to each one. For alligator M1, we attached the SPOT5 transmitter using stainless steel wire placed through the nuchal scutes and PVC tubing. We then reinforced it with a two part epoxy. For the remaining four individuals, we attached the SPOT5 transmitter as in a previous study [41] . We programmed the tags to be on continuously, and upon completion of attachment we released all individuals at their original capture location. Location data from the satellite tags was received online using Satellite Tracking and Analysis Tool (STAT) [42] . For alligator M1, weekly VHF monitoring flights were performed from a fixed-wing aircraft (Cesna 182), flying at speeds between 100 and 140 km/h at altitudes between 152 and 610 m. We used a Habit Osprey VHF telemetry receiver and two H antennas, one mounted to each wing of the airplane, to monitor telemetry signals. Once we identified where the signal was strongest, we took additional steps to ensure our location was accurate. To do this we chose a landmark where the signal strength was greatest. We then approached this spot from several directions, isolating the signal with one antenna at a time, making it possible to know which side of the plane the signal was coming from. After confirming the location of the strongest signal, we took a final pass over the landmark and recorded the location using the handheld GPS unit. We did not visually identify tagged animals due to difficulty in observing animals from the aircraft.
Daily salinity measurements were automatically recorded at four gaging stations (Figure 1 ) in the Shark River estuary and retrieved from the U.S. Geological Survey South Florida Hydrology Database (GHA, TJS and KMB, unpublished work). The gages were located from 2.5 to 7.5 km apart spanning the upper stream to the mouth of the river. We used air temperature data from a weather station (Everglades station maintained by Florida Climate Center) located about 55 km straight-line distance (25.85°N, -81.38°W) from the study area; this station records daily minimum and maximum temperatures.
Estimating home range and core-use area
We used STAT [42] to filter location data by location quality and movement speed. With the Argos system, each satellite-detected location is associated with one of six LCs. Estimations of the location accuracy is, 3, 2, 1, 0, A, B, and Z, in order from best to worst. Due to the relatively small movement range we anticipated, we only used the highest quality location data, LC 3, which has the estimated location accuracy within 250 m [43] . We also filtered out locations with movement speeds greater than 5 km per hour.
To test site fidelity, we conducted Monte Carlo Random Walk simulations using Animal Movement Analysis Extension for ArcView 3.2. We generated 1,000 random paths and tested whether the observed movement paths for each animal were more spatially constrained than these random paths [44] . We bounded the paths at the 10 m isobath within Everglades National Park, which comprises major freshwater wetland and estuary habitat.
To determine core-use areas, we generated daily mean locations for each alligator from the filtered locations; this minimized potential autocorrelation due to multiple observations close together in time. Following previous studies [45, 46] , we applied fixed kernel LSCV to KDEs using the Home Range Tool with ArcGIS 9.3 [47] . We considered 50% contour areas to be core-use areas and 95% contour areas to be home ranges for individual alligators. For alligators with a large number of locations in multiple seasons, we conducted a Kruskal-Wallis test followed by a Bonferroni multiple comparison to detect differences in latitude and longitude between seasons. If the seasonal difference in the coordinates was significant, we created separate KDEs for each season. We calculated Pearson's correlation coefficient (r) between duration of tracking period and core-use area and home ranges to examine effects of the duration on the estimated areas.
Based on nesting chronology and phenology of alligators [14] and the annual rainfall patterns, we defined four seasons: winter to early spring dry season (January to March, season 1), spring to early summer wet season when courtship and nesting occur (April to June, season 2), wet season incubation and hatchling period in summer (July to September, season 3), and fall to early winter transition period from wet to dry season (October to December, season 4).
Assessing relationship between movement rate and environmental variables
We calculated daily movement distances using daily mean locations from consecutive days. We defined salinity for each daily mean location from the daily salinity recorded at the gage nearest to each location. Daily minimum and maximum temperatures recorded at the weather station were highly correlated (r = 0.99), and alligator movements may be constrained by the high metabolic cost under high ambient temperature [29] so we chose to use daily maximum temperature (T max ). We used the resulting daily movement distance and salinity data to test the effect of salinity, season, and temperature on the movement rates of the five alligators, as well as for the Kruskal-Wallis to test the differences in the daily movement rates between individuals.
We tested 11 models built upon biological hypotheses. The null model (intercept model) assumed that the difference in daily movement is merely a function of individual difference (that is, a random effect). The single factor model assumed that the movement difference was influenced by one of three factors: season, salinity, or T max . The two factor model assumed that combinations of salinity and season, T max and season, and salinity and T max independently influenced movement, but did not interact. The three factor model assumed that the movement rate was influenced by single factors of salinity, season, and T max , or salinity, season and an interaction of salinity and season. Finally, we tested two four-factor models which included salinity, season, T max and salinity and season interaction or T max and season interaction. Differences between alligators were accounted for as a random effect and were included in all models. We fitted the model using SAS MIXED procedure and calculated AICc, ΔAICc, and AICc weight for model comparison. Following [48] we considered that ΔAICc <2 indicated substantial model support, values of 4-7 indicated considerably less support, and values >10 had no support.
Comparing satellite and VHF telemetries
We compared satellite-and VHF radio-derived home ranges and core-use areas, as defined by 95% and 50% KDE contours, using location data for the male alligator (M1) on which both tags were deployed. Since kernel density estimators depend on the choice of bandwidth, we used the same bandwidth for both satellite and VHF data. This allowed us to assess any difference the telemetry method had on the home range and core-use area
